NA by Olson, Harold Muschott.
Calhoun: The NPS Institutional Archive
Theses and Dissertations Thesis Collection
1974
A technological forecast for gallium arsenide lasers.
Olson, Harold Muschott.
Monterey, California. Naval Postgraduate School
http://hdl.handle.net/10945/17286










Thesis Advisor: William Reese




SECURITY CLASSIFICATION OF THIS PAGE (When Data 1Entered)
REPORT DOCUMENTATION PAGE READ INSTRUCTIONSBEFORE COMPLETING FORM
1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER
4. TITLE (and Subtitle)
A Technological Forecast for Gallium
Arsenide Lasers
5. TYPE OF REPORT 4 PERIOD COVERED
Master's Thesis
June 1974
6. PERFORMING ORG. REPORT NUMBER
7. AUTHORfaj
Harold Muschott Olson
8. CONTRACT OR GRANT NUMBERftJ
9. PERFORMING ORGANIZATION NAME AND ADDRESS
Naval Postgraduate School
Monterey, California 93940
10. PROGRAM ELEMENT, PROJECT, TASK
AREA 4 WORK UNIT NUMBERS





13. NUMBER OF PAGES
160
14. MONITORING AGENCY NAME & ADDRESSf// different from Controlllnt Olllce) IS. SECURITY CLASS, (ol this report)
Unclassified
15a. DECL ASSIFI CATION/ DOWN GRADING
SCHEDULE
16. DISTRIBUTION STATEMENT (ol this Report)
Approved for public release; distribution unlimited.
17. DISTRIBUTION STATEMENT (ol the abstract entered In Block 20, II dltferent from Report)
IB. SUPPLEMENTARY NOTES
19. KEY WORDS (Continue on reverse aide It neceaaary end Identity by block number)
injection laser forecast
diode laser technological forecast
semiconductor laser trend extrapolation
Gallium Arsenide Laser trend correlation
Laser Fusfeld Mndr-1
20. ABSTRACT (Contlnuo on mvom aide II necessary and Identity by block number)
A technological forecast for GaAs injection lasers operating at
room temperature is made. It indicates significant technological
progress followed by widespread use for optical waveguide communi-
cations in the early 1980' s. Extrapolated values for power,
efficiency, lifetime, threshold current, and cost per watt are
tabulated for the years 1976 and 1980. Two trend extrapolation
techniques based on the different assumptions that technological
1 Droaress advances exDonentially with time and that: ..tr.chimlna.ieal
1 JAN^S 14/3 EOITION OF I NOV «S I
(Page 1) S/N 102-014- 6601
DD /°r71 7 Unclassified
SECURITY CL ASSIFICATIOS Qt- THIS PACE (Wnsn l>ata Bnfred)

Unclassified
CbCU«?1TY CLASSIFICATION OF THIS PAGEfHTien Dmtm Enfrmd)
20. progress advances exponentially with cumulative production
are compared. The technological progress function which
uses patent output as a measure of cumulative production
is determined to be the best measure in the case of the
injection laser.












Lieutenant Commander, United States Navy
B.S., United States Naval Academy, 1964
Submitted in partial fulfillment
of the requirements for the degree of






A technological forecast for GaAs injection lasers
operating at room temperature is made. It indicates signi-
ficant technological progress followed by widespread use
for optical waveguide communications in the early 1980' s.
Extrapolated values for power, efficiency, lifetime, thres-
hold current, and cost per watt are tabulated for the years
1976 and 1980. Two trend extrapolation techniques based on
the different assumptions that technological progress advances
exponentially with time and that technological progress
advances exponentially with cumulative production are
compared. The technological progress function which uses
patent output as a measure of cumulative production is deter-
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I. INTRODUCTION AND FORECAST
A. OBJECTIVE
The objective of this undertaking is to use variations
of two different trend extrapolation techniques to forecast
for 1980, the state of technological development and the
values of characteristic parameters for the room temperature




Further improvement of room temperature injection laser
characteristic parameters is not required for widespread
usage of injection lasers by 1980 in military devices such
as bomb fuzes, range finders and covert illuminators. Due
to the unpredictability of down times resulting from atmos-
pheric conditions there will be only limited military use,
and virtually no commercial, use of communications systems
using the atmosphere as a propagating medium.
The primary developmental emphasis through 1980 will be
directed towards employment of injection lasers in optical
waveguide communications systems. The previous barrier of
room temperature cw operation, which has been overcome, is
now replaced by a new requirement that the diode operating
5lifetime be on the order of 10 hours (approximately 12 years)
It is common practice to simply shorten the description
to injection laser, semiconductor laser, or diode laser and




It is expected that this requirement will be demonstrated in
low power laboratory devices by 1978. The power output of
single mode cw devices can not be expected to increase much
beyond the limit of 10-15 mw per mode which appears to be a
common limit for all semiconductors. If lasers meeting the
requirements for optical communications systems can be pro-
duced commercially using mass production techniques low
power output will not be restrictive since the use of numerous
signal amplifiers will be economically feasible. Thus, after
the demonstration of long lifetime diodes, the remaining goal
will be to develop fabrication processes to the point where
high performance diodes can be produced consistantly. It is
expected that when this is accomplished, sometime in the
early 1980' s, the use of injection lasers for communications
will become widespread. It is not expected that there will
be a significant increase in usage in any other application
area except data processing. As the use of the injection
laser for communications becomes widespread the market growth,
which has been linear, will change to exponential. Exponential
market growth and increased cumulative production imply that
the technical approach represented by the GaAs laser will be
replaced by another approach chosen to maximize radiance.
This forecast is supported by data presented in Section III
from which forecasts were made for specific laser parameters
for the years 1976 and 1980.
C . FRAMEWORK
The art of forecasting was basically intuitive in nature
until the early 1950' s when pressure began to mount for
11

better technological forecasts [Lovewell and Bruce 1962]
.
The evolution of the science of technological forecasting
over the past twenty years has produced numerous definitions
and variations of methodology. Lanford defines technological
forecasting as the "prediction or determination of the fea-
sible or desireable characteristics of performance para-
meters in future technologies" [Lanford 1972] . Lanford also
classifies the various methodologies into two broad categories:
exploratory and normative.
Exploratory technological forecasting usually involves
trend extrapolation and its objective is to forecast future
parameters based on the history of development and the present
state of the art.
Normative forecasting is essentially the inverse of
exploratory forecasting. In the normative approach a future
objective is established and the forecaster works backward
through time to determine the nature and timing of improve-
ments necessary to meet the objective.
The trend extrapolation technique for technological fore-
casting, which is the only one considered in this paper, is
one of nine basic variations of the exploratory approach as
listed and defined by Lanford. Table I shows that trend
extrapolation can be subdivided into further variations of
methodology. This paper will limit its discussion to
categories 7.2, 7.b, 7.C.2, 7.C.4, and 7.C.10.
Before a technological forecast can be made it is
necessary to establish some framework for considering the
process of technological innovation and for developing the
12

TABLE I. Classification of Exploratory Technological
Forecasting Methodologies. [Lanford 1972]
Exploratory Forecasting Methodologies










a. Straight Line or Fitted Curve Extrapolation
b. Envelope Curve Extrapolation
c. Trend Correlation
(1.) Substitution Analysis
(2.) Biological Growth (Pearl's Law)
(3.) Hartman Model
(4.) Economic Growth (Gompentz ' Law)
(5.) Cellular Analogy (Lenz)







9. Lenz Learning Law
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forecast. The process of technological innovation is defined
by Bright as a "phrase intended to embrace those activities
by which technical knowledge is translated into a physical
reality and becomes used on a scale having substantial
societal impact" [Bright 1973] . Bright goes further by
identifying "those activities" with eight stages or milestones
(Table II) that can be used to measure the rate of translation.
He also points out that the forecaster must be rigorous in
defining the stages to be considered and that the forecast
must be definite in relation to these stages. The techno-
logical forecast will be concerned primarily with the level
of injection laser development necessary to move from stage 6
to stages 7 and 8.
For the purpose of developing the technological forecast
a three phase approach based on a proposal by Lovewell and
Bruce [Lovewell and Bruce 1962] has been adopted (Table III).
Within each phase there are some basic requirements that
should be fulfilled prior to making the forecast for that
phase
.
Three basic requirements are included in the preliminary
survey of phase I. The first is to trace the technological
development in order to determine the history of the tech-
nology, its most recent advances, the current emphasis of
research and application and who is involved. A second re-
quirement is to identify what the favorable or unfavorable
characteristics or parameters are in order to determine signi-
ficant problems yet to be solved. The determination of the
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TABLE III. Steps in Predicting Technological
Change. [Lovewell and Bruce 1962]




Determine favorable and unfavorable
characteristics
Determine forces driving development
Forecast potential level of achievement
(Consider potential applications
Consider competition from rival
technologies
Forecast overall outlook for technology





Forecast effect on other
technologies, etc.




is the third requirement and it completes the preliminary-
survey. The background data provided by the preliminary
survey is evaluated using technological forecasting techni-
ques and an estimate is made concerning the potential level
of achievement of the technological development in a given
time span.
The result of phase II should be an overall outlook for
technological change stated in terms such as market size or
anticipated production. A basic requirement is to determine
applications where the technological development can be
employed and then to consider rival technologies in terms of
performance characteristics, initial costs, operating costs,
materials availability, etc. The comparison with alternate
technologies can be quite difficult because the multitude of
peripheral factors which can affect the future of each tech-
nology is compounded. Further difficulty is introduced when
the alternate technologies are also in developmental stages.
Fortunately the problem is simplified somewhat by the fact
that most emerging technologies are, at least in some aspects,
complementary with other technologies and therefore have some
area where there is essentially no competition.
Phase III involves investigating direct and indirect
effects of the technology on other areas in terms of com-
petition, business and market patterns. For example the
development of a long life diode laser will have a direct
effect on the market for optical fibers and this will have




The objectives of this thesis coincide with those of
phases I and II. In order to evaluate the various techniques
of trend extrapolation the forecast is developed primarily
in terms of phase I since the results of phases II and III
are much harder to quantify. Sufficient information is
included in the preliminary survey for phase I to allow a
phase II forecast to be made.
D. METHODOLOGY
The research in support of this thesis was primarily
conducted in the two relatively different and separate areas
of the procedures for technological forecasting and the pre-
liminary survey for the semiconductor laser.
The greatest percentage of the time spent in data
collection for the preliminary survey was devoted to a
search of the patent literature. A comprehensive search of
several patent classifications associated with lasers was
conducted and the patent titles resulting were organized in
chronological order according to the date on which the patents
were filed (Appendix A) . The patents were inspected for
information germaine to the preliminary survey and this






There is no universal method for the classification of
lasers. Most classification systems are based on the nature
of the lasing media and the method employed to obtain stimu-
lated emission from the media, however other categories based
on physical characteristics of the emitted radiation are used
at times. For the present purpose lasers can be considered
to fall into three broad categories based on the nature of
the lasing media: gas, liquid, or solid state.
One of the two subcategories of solid state lasers is
the semiconductor laser in which the emitted radiation results
from the recombination of charge carriers. The other sub-
category includes lasers in which the lasing medium consists
of a crystal lattice with embedded ions capable of stimulated
emission as the result of downward transitions from excited
states.
The semiconductor laser subcategory can be further divided
according to which of four means of obtaining the required
population inversion is utilized. The first method of
obtaining a population inversion is by optical pumping using
intense light of a wavelength appropriate to the bandgap of
the semiconductor material employed. This method is similar
to that used almost exclusively in ionic solid state lasers.
The second method employs the avalanche breakdown which re-
sults from impact ionization in a strong electric field
20

5 -1(> 10 volts cm ) . In this case the electric field generates
free charge carriers which are in turn accelerated by the
field causing further ionization in an avalanche process.
The third method, electron beam excitation of the semicon-
ductor, is similar to the avalanche breakdown method in that
minority carriers necessary for radiative recombination are
generated by the impact of electrons on the semiconductor
crystal lattice. The difference is that in electron beam
pumping the electron acceleration is external to the semi-
conductor whereas in avalanche breakdown, it is internal.
The fourth method is to inject charge carriers into the
semiconductor material through a dielectric layer by quantum
mechanical tunneling or through a forward biased junction.
There are two ways of creating junctions for carrier in-
jection. The first is simply a metal-semiconductor junction
and the second is a junction created by the transition of a
semiconductor from a region of p-type doping to n-type doping.
If the semiconductor material has the same bandgap on each
side of the junction it is called a homojunction whereas if
the bandgaps are different it is called a heterojunction.
Further classification of solid state, semiconductor,
injection, p-n junction lasers requires specification of the
semiconducting materials employed and of the laser structure.
The various laser structures such as homos tructure, hetero-
structure, mesa and stripe will be considered in the history
of laser development.
Table IV is a partial listing of semiconductor compounds
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complete list which identifies thirty-eight different com-
pounds and their corresponding references has been compiled
[Pankove 1971] . Although the range of possible choices
appears large GaAs has the best combination of optical pro-
2perties and direct bandgap recombination mechanisms.
Another factor stimulating interest in GaAs is that the in-
frared wavelengths associated with these lasers correspond
with the wavelengths at which the most available and easily-
used photodetectors have their peak sensitivity (X. w 0.8M>) .
The result has been that the major part of semiconductor
laser research effort and commerical development in the
United States has involved alloys of GaAs, thus other semi-
conductor compounds have been excluded from consideration in
this paper. It is interesting to note that in the Soviet
Union the emphasis has been on silicon carbide which produces
wavelengths in the visible portion of the spectrum. Although
silicon carbide employs indirect transitions which are less
efficient, it has the quite attractive advantage of not re-
quiring cooling [Furlow 1969]
.
B. INJECTION LASER CHARACTERISTICS
1. Favorable
The developers of the injection laser were quick to
point out, first in their patents and then in the literature,
o
It is important that the material specified have a
direct bandgap so that the recombination process takes place
between energy states that have the same momenta at the
bandgap. The recombination process in indirect bandgap
materials involves the creation of elastic waves (phonons)
which cause thermal heating.
23

the following important characteristics of the diode laser:
a. ease of diode construction,
b. simple construction of laser system,
c. small size,
d. ease of modulation,
e. high efficiency, and k
f. tunability.
These favorable characteristics will be discussed in the
following paragraphs.
The technology for diode laser fabrication draws
heavily upon the established transistor technology whereas
many other laser systems involve the development of completely
new areas of technology. It was easily envisioned that, as
in . the case of transistors, mass production would be feasible.
Implicit in mass production is the prospect for a drastic
reduction in cost.
Compared with the support apparatus required for
other laser systems that of the diode laser is extremely
simple, even when cooled to cryogenic temperatures. This is
primarily due to the fact that systems for pumping most other
lasers are not as compact as the pulser for a diode laser.
This is particularly true for optically pumped lasers, which
require elaborate mirror systems and intense light. Addition-
ally most other laser systems have requirements such as heating
in the metal vapor laser, gas supply/exhaust in the gas dynamic
laser, liquid flow systems in the liquid laser, etc, which
further complicate the laser construction.
24

The size of the diode laser is at least one order of
magnitude smaller than any other laser. This diminutive size
makes the injection laser practical for a host of applications
not suitable for larger laser systems.
The diode laser permits direct modulation of its
input current using AM, FM or pulse position modulation.
The diode can also be modulated by incorporating onto the
crystal body a piezo-electric transducer so that electric
pulses can elastically stress the diode crystal [Hall 1966]
.
The emitted light from other lasers generally has to be modu-
lated externally to the lasing medium by using a Pockels or
Kerr cell.
Possibly the greatest advantage of injection lasers
lies in their efficiency. Quantum efficiencies of greater
than 50% and power efficiencies of approximately 20 to 30%
were initially reported [Hall 1966] . These values were more
than ten times that reported for any other laser system.
There was some evidence that the ultimate quantum efficiency
would approach 100% [Burns 1966] . In a patent filed in
February 1963, it was reported that at 4.2 K a diode unit
operated at a quantum efficiency of nearly 100%, i.e., that
for every electron crossing the junction, one photon is
emitted [Zieger 1963]
.
When the diode laser was introduced, most other laser
systems produced an output that was, in general, restricted
to a single optical frequency or possibly its harmonics.
This had at least two consequences. First systems had to be
designed to operate with available frequencies and second
25

there were gaps in the optical spectrum. The diode laser
has the potential of being tuned to a specific frequency and




Following closely upon the wave of optimism that came
with the introduction of the diode laser was an equally large
wave of pessimism when it became obvious that the following
unfavorable characteristics were not going to be overcome
readily:
a. low average power,
b. short lifetime,
c. temperature dependence of lasing threshold,
d. beam divergence, and
e. multimode operation.
These disadvantages have been the focus of virtually
all research and development and even though great improve-
ments have been realized, they are still the characteristics
that impose limits on the diode lasers full employment.
Low average power and operation at cryogenic temper-
atures was the rule when the diode laser was first introduced.
Even though room temperature operation has now been achieved
in both pulsed and CW modes of operation low average power is
still very much a disadvantage. It should be noted however
that due to the low average output power and high efficiency
most diodes can be pulsed using a small battery power supply.
This can be an advantage as it allows packaging of a diode,




The lifetime of early diodes was usually less than
100 hours. Not only did diodes fail early but there was a
steady degradation of performance throughout their lifetime.
The lifetime of diodes has in some cases been increased by
more than one order of magnitude but there is still much
improvement required in the areas of lifetime and reliability.
Output power and frequency are strongly dependent on
the diode temperature. Changes of temperature caused by the
driving current or the diodes environment can cause a
variation of the output that is unacceptable for many
applications. If a certain temperature is exceeded or if the
operating temperature drops below a certain temperature with-
out a reduction of the driving current failure can result.
The extremely narrow region of the active lasing
portion of the diode, i.e., the junction, causes the emitted
light to be subject to significant diffraction effects. The
end result is that unless external optics are used to colimate
the beam, the beam will diverge at angles of twenty to thirty
degrees.
The attainment of single mode operating has been one
of the goals of laser structure development. Single mode
operation is an important requirement for optical fiber




C. FORCES DRIVING DEVELOPMENT
1. Applications
In order to understand the forces driving development
it is necessary to consider some present and projected appli-
cations for the injection laser. This will be approached by-
looking at seven general application categories that are
usually recognized for all types of lasers. In the discuss-
ion of these categories considerations will only be given to
those aspects of a given application that are related either
to lasers in general or diode lasers.
a. Materials Processing
Materials processing includes such diverse
operations as machining, cutting, drilling, scribing, welding,
soldering and dynamic balancing. The two prime requirements
for satisfactory performance of a laser in this area are
small spot size and high power output - both of which are
not advantages of the injection laser. Even if the diode
laser were to attain a level of performance whereby some
materials processing could be accomplished it is doubtful
whether it would become a significant area of application,
since conventional techniques including microwaves and
electron beams are in many cases more competitive.
b. Communications
The field of optical communications is large and
extensive work is being done in this area. The primary
motivation for exploiting optical communications is the
enormous bandwidth available when operating in the region of
13 15 9 1110 to 10 Hz. Approximately 10 to 10 cluinnels of
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information 10 kHz wide could theoretically be transmitted
using one optical beam. This large bandwidth is currently
not attainable, however its full realization is not necessary
for most applications. The diode laser has many advantages
that suit it to optical communications not the least of
which is its ease of modulation. Problems involving the
coupling of the laser which has a high index of refraction
to optical fibers which have a low index have been basically
overcome and the only factors currently restricting the use
of the diode laser are its limited lifetime and cost.
The development of optical fibers for use as
waveguides will open up new applications in at least five




























The use of optical waveguides for telephone trans-
mission represents the largest potential application. A
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single mode diode laser that could operate cw at room tem-
perature would be the preferred source for this application.
Although the more power that the diode can deliver the better,
the critical factors for this application are reliability
and lifetime. The diode laser, because of its small size
it can be coupled to waveguides more readily than other
lasers. Additionally light amplifiers can be inserted in
cables without significantly increasing the diameter of the
cable. The requirements for the other four areas are similar
to those for telephone communications.
The transmission of data including voice com-
munications through the atmosphere using lasers with infrared
wavelengths is of particular interest to the military due to
its covert nature. The Navy has developed a small optical
communication system employing injection lasers for use be-
tween ships when refueling [Schlisser 1970] . The diode laser
is the only type that is really suitable for this system due
to its compactness, and low power requirements. There are
problems with ambient temperature variations which limit the
communications effectiveness. Temperature variations can
change the pulse width by as much as 10% thus placing limi-
tations on the modulation techniques employed. For the
system described by Schlisser, if the temperature drops ten
degrees and there is not a reduction of laser current the
diode will fail. Power and beam divergence are critical
factors in atmospheric transmission,
c. Data Processing
A digital computer as generally conceived,
30

consists of four basic functional elements: input, memory,
central processor, and output. There is a potential for
application of the laser, and particularly the diode laser,
in all of these four data processing areas. The scope of
the term data processing must not be limited to include only
the digital devices which dominate the field today but also
must include analog systems such as those falling in the
category of optical computing.
The practical realization of an injection laser
with a reliability and lifetime comparable to current elec-
tronic digital devices and with little degradation of per-
formance during its lifetime will open wide the prospects
for extensive use of ultra-high speed optical digital devices.
The ultra-high speed capability is limited by the recombination
time in the semiconductor material which is on the order of
-9
10 sees. This is short compared to the time for storage
of a bit of binary information in current electronic com-
puters which is of the order of 10 sees.
The patent literature reveals at least four
different approaches to performing digital operations using
injection laser devices. The first approach uses two coupled
diodes with one acting as a laser and the other as an optical
amplifier [Fowler 1967] . A variation of this uses a second
diode as an optical shutter [Lasher 1969] . In essence the
output of both of these is an on/off signal resulting from
an AND operation. The second approach involves the use of
an injection laser which radiates coherent light having two
planes of polarization different from each other [Kitsutare
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1970] . By appropriate inputs binary operations can be
performed using the two polarization planes as binary out-
puts. The third method employs two cavity resonators, each
with a saturable absorber, which share a common active lasing
medium [Kosonocky 1969] . In the fourth approach, which is
applicable to reading stored data, plane polarized light
from an injection laser is directed upon a ferroelectric
medium that exerts a polarization rotational effect on the
light. The rotation of the light that occurs during re-
flection from or transmission through the medium determines
the direction or state of charge of the region addressed.
In a variation of this approach the rotation of a polarized
light beam is a function of the thickness of the addressed
portion [Weider 1973]
.
All of these approaches have the potential of
being incorporated into micro-miniaturized systems through
the techniques of integrated optics. Using integrated optics
and mass production, optical digital computers with capa-
cities greater than current electronic versions could be
envisioned.
The primary advantages offered by optical analog
computers based on coherent (or Fourier) optics and holo-
graphy are the capabilities of parallel processing and mass
storage of information. There are currently at least three
fields that have assumed major importance on the basis of
optical computing principle: optical image deblurring, co-
herent side looking radar and correlative pattern recognition
[Stroke 1972] . The prime consideration when choosing a light
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source for any of these applications is the coherence of the
beam. This is particularly important for holographic
operations.
The injection laser, which lacks sufficient co-
herence for producing quality holograms (as compared to
other lasers), can be employed to read out holographic infor-
mation in real time. If the coherence of the injection laser
would become comparable to that of other lasers its advantages
3
of efficiency, low cost, compactness and reliability would
make it very competitive in this area.
d. Biomedicine
The area of biomedicine includes photocoagulation
for opthalmology, experimental laser surgery and biomedical
research. Important parameters are wavelength, pulsewidth
and size. The wavelength is important because it determines
the spot size to which the beam may be focussed. In eye
surgery, it is particularly important because the beam must
be visible so that the optics of the eye will allow focussing
on the proper spot of the retina. Short pulse width is im-
portant to protect against thermal diffusion and wander
effects caused by motion of the patient. Compactness is
important in surgery where manual dexterity is necessary.
The diode laser will not be considered for this field until
its output can be extended into the visible range at suffi-
ciently high powers.
3 Reliability here is in reference to other lasers not to




The area of measurement includes interferomety,
spectroscopy, rangefinders and alignment. Interferomety
using coherent light can be used for numerous applications
such as detection of vibration and measurement of deformations,
A more precise method, but also a more complex one, is holo-
gram interferomety. This is the major application of holo-
graphy and it has proven quite competitive with such standard
techniques as x-ray and ultrasonic analysis for nondestructive
testing of materials [Leith 1972] . Again the coherence prop-
erties of the injection laser limit it from widespread appli-
cation in this area.
Two forms of spectroscopy may be considered as
suitable for laser application. The first would be emission
spectroscopy where a laser with sufficient power is used to
excite the substance to be observed instead of a flame or an
electric arc. The second would be absorption or Raman spec-
troscopy. In this case analysis can be conducted without
destroying the specimen by observing the change in the wave-
length of the reradiated light from the specimen. The
critical parameters for absorption spectroscopy are tuna-
bility and a narrow bandwidth. Semiconductor lasers have a
narrow tuning range but this can be overcome by selecting a
variety of diode compositions. Semiconductor lasers have an
advantage over dye lasers and parametric oscillators pumped
by Argon or Nd-yag lasers since they are easier to tune to a
narrow bandwidth. Any increase in the range of tunability of
semiconductor lasers will make them more competitive.
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Laser rangefinders can be used for such varied
applications as aircraft altimeters, bomb fuzes, and mobility-
aids for the blind. For the mobility aids where the small
size of the laser allows installation in the tip of a cane or
the frame of eyeglasses, there is virtually no competition
for the diode laser. The size parameter both of the laser
and its auxiliary equipment, it also probably one of the
strongest attractions for military development of the laser.
Besides the bomb fuses the military has already been involved
in various portable rangefinding devices, some of which can
be mounted on small arms. Parameters that currently limit
rangefinder performance are power and in some cases beam
divergence.
The category of alignment includes surveying,
guidance of construction equipment, and positioning of pre-
cision machinery and parts. There are two particularly de-
sireable features that a laser should have for application
in this area. These features, neither of which is possessed
by the GaAs diode laser, are that the laser beam be visible
and that the shape of the beam should be uniformly cylindrical,
f. Surveillance
In the area of surveillance, which includes illu-
mination and intrusion alarms, the attractive characteristic
of the galliun arsenide injection laser is the fact that it
produces invisible, or covert, radiation. For this reason
much of the development has been associated with the military.
A typical illuminator pulses a diode array to produce a 1 kHz




The illuminated scene can be viewed on an image converter
tube which is sometimes gated so that it will only respond
to radiation reflected from objects at a specified distance
from the viewer. Gated viewing is particularly useful in
seeing through fog and smoke. The diode lasers compact size,
rugged construction and low power supply requirements have
established it as the primary laser in this area.
The intrusion alarm area is one that will be
dominated by the injection laser. Currently light emitting
diode's (LED's) are finding wide application but as the cost
goes down and lifetime and reliability of diode lasers goes
up, their use will become more and more widespread. There
are numerous companies marketing various types of intrusion
alarms for both military and civilian use. The pulsed
operation of the diode laser at room temperature allows
coding of the beam so that the number of false alarms from




Two miscellaneous applications include using the
diode laser as an optical pump source for other lasers and
as a laser gyro. The use of injection lasers to pump solid
state ionic lasers instead of the conventional flash lamps
offers two advantages. First the system will be more rugged
since it will be completely solid state and second the diode
laser which can be easily modulated expands the potential for
use of the solid state ionic laser, such as the Nd-YAG laser,
in communications. At least two patents have been issued for
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lasers with diode pumping. Important considerations include
matching the wavelength of diode emission to that of absorpt-
ion in the laser rod, removal of diode heat and reducing
losses at the diode-laser rod interface.
A curved junction laser device has been developed
that has potential application for use in highly sensitive
gyroscopes such as those used in space vehicles where the





Consideration of the various laser applications has
shown that the most significant advantages that would result
from feasible development of the injection laser are in the
area of communications and data processing. That the forces
driving development are provided primarily by those who hope
to profit from development in their respective areas, is
supported by the data in Figure 1 and Table V. The obvious
conclusion is that the primary force driving development is
provided by those working to develop the laser for communi-
cation purposes.
3. Environmental Influences
The forces driving development are what move the
process of technological innovation through its eight stages.
This process can not be isolated from the important influ-
ences of the political, social, ecological, economic, and
technical environments. These influences can actually con-
trol the economic viability of existing technologies and the









TABLE V. Patent Assignees, Number of Patents Held,






Electronics Industry (U.S.) 35 28
RCA 15 12
General Electric 14 11
Texas Instruments 5 4
Raytheon 1 1
Electronic Industry (Foreign) 20 16
Private Individuals 6 5
MIT University 5 4
U.S. Government 4 3
Aviation Industry 3 2
Boeing 2 2
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Figure 1. The Cumulative Number Patents Held by




The political environment includes the effects of
legislation and government funding for research. The passage
of excessively restrictive health or safety legislation re-
grading laser radiation could drastically affect the wide-
spread employment of injection lasers in several of the
applications areas. The extent of government support for
injection laser development was not determined, however all
of the major research and manufacturing centers for diode
lasers have been involved in development work under government
contract and there is some indication that this support may
be extensive.
The effects of the social and ecological environment
are not easily determined for the injection laser. Generally
their influences are more likely to manifest themselves in the
political or economic environment. Refusal to adopt new
technology due to an incomplete understanding or simply a
resistance to change is one way the social environment could
affect injection laser development.
The effects of the economic environment should be
fairly obvious. A strong economy with an optimistic market
outlook will provide stimulus for innovation and continued
technological growth. Major market upsets, recessions, wars,
etc, can have the opposite effect and even bring the process
of technological development to a halt.
The technical environment is determined by the level
of scientific achievement or knowledge of the physical pro-
cesses for the area of interest which has been gained through
academic research and the work of R and D establishments.
40

This environment influences innovation activity through the
amount of information or education available [Haeffner 1973]
.
D. HISTORY OF DEVELOPMENT
1. Stages of Development
The following chronology which has been assembled
from historical surveys by Lax [Lax 1965] and Hilsum
[Hilsum 1969] relates some events in the development of the
semiconductor laser to the first three stages in the process
of technological innovation as shown in Table II.
Stage 1 : Identified by scientific suggestion,
discovery, recognition of need or
opportunity.
1954 - Development of ammonia maser and speculation
about solid state lasers.
- It was known that semiconductors emit in
visible and IR regions.
- John Von Neuman proposed electrically
pumped device much like present junction
laser, however suggestion was ahead of
the state of the art.
1955 - Direct gap radiative recombination was
shown to be a dominant process in InSb at
low temperature.
- Braunstein made first observations of radi-
ation emission from GaAs.
1957 - Aigrain suggested point-contact device for
excitation of semiconductors.
1958 - Aigrain reported no success in attempts to
optically or electrically pump semiconductors
such as silicon and germanium.
1959 - First Quantum Electronics Conference.
Possibility of coherent radiation from
semiconductors examined by Basov.
1960 - Ruby Laser
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1961 - Second Quantum Electronic Conference.
Basov suggested electron beam excitation.
- Gas Laser.
- Benard and Durafourg showed theoretically
the necessary criterion for inverting the
population in a semiconductor.
Stage 2 : Proposal of theory or design concept.
- Basov and others deduced that a forward
biased p-n junction could be used to obtain
an inverted population.
Stage 3 : Laboratory verification of theory or design
concept.
Jan 1962 - Narrowing of linewidth of radiation emitted
from GaAs diodes reported by Nasledov along
with suggestions that this might be a sign
of stimulated emission.
Jan 1962 - Keyes and Quist reported internal quantum
efficiencies of 85%.
Oct 1962 - Patents filed by General Electric and IBM
for diode lasers.
The entry into stage 4 which is identified by the
laboratory demonstration of application occurred simultaneously
with the development of the first laser diodes. This is be-
cause the demonstration of the diode's capability to be
modulated had been established prior to October 1962 by using
diodes that emitted incoherent radiation. During the period
of 1963 to 1965 there were many laboratory demonstrations of
application as can be seen from the semiconductor patents
filed during this period. The entry into stage 5 is definitely
not clear because also during this period numerous prototype
communications systems were reported.
The injection laser effectively entered its current
stage (stage 6) during 1965 since it was during this period
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that lasers, other than prototypes, became commercially
available. The date of 1965 for entry into stage 6 could
easily be challenged, however there have been a sufficient
number of commercial devices in use since 1969 that there
can be little doubt that stage 6 is actually the current
stage. This is confirmed by the fact that stage 7, which is
identified by widespread adoption, common usage and signifi-
cant impact has definitely not been entered.
2. Laser Devices
The development of the gallium arsenide laser is
primarily discussed in terms of laser structures but consid-
eration is also given to the processes involved in fabricating
the diode, particularly the method by which the junction plane
is formed. The recognition of the requirements for higher
quality GaAs and better control of junction formation and
doping gradients has served as the stimulus which drives the
process of technological innovation in the area of semicon-
ductor processing. The advancement of injection laser tech-
nology is tied to the development of semiconductor processing
techniques and the realization of new structures has generally
awaited the development of the processing technology to the
point where the new structures could actually be fabricated.
For this reason the development of laser structures can be
considered to be a measure of the development in the pro-
cessing technology. Since the technology of junction for-
mation can also be considered a precurser to improved struc-
tures a brief survey of the basic techniques is appropriate
before considering the development of the two classes of




Diffusion, vapor phase epitaxy (VPE) and liquid
phase epitaxy (LPE) are the three basic methods of junction
formations used in diode lasers. The first patent filed for
a semiconductor laser [Burns and others 1966] cited both
diffusion and vapor phase epitaxy as methods for junction
formation. The process of GaAs liquid phase epitaxy was
introduced by Nelson in 1963 [Nelson 1963]
.
Most of the early lasers were fabricated using
the diffusion process to form a single p-n junction. The
process of diffusing an acceptor impurity into n-type material
is the most successful method of forming p-n junctions by
diffusion. Typically zinc is diffused into a wafer (400 -
500 M- thick) of tellarium doped GaAs which has been sliced
from a monocrystalline ingot. Once the p-n junction is
formed the wafer is cleaved into thin bars and then sawed
into laser chips. The process is complicated by the fact
that arsenic has a high disassociation vapor pressure at the
temperature of 850 C which is required for diffusion. For
this reason the process has to be carried out in sealed
containers
.
Two important criteria for injection lasers are
that the junction be flat and that the proper doping profile
exists. The process of depositing epitaxial layers produces
junctions that satisfy both of these criteria much better
than those produced by diffusion processes. Another signifi-
cant advantage of both VPE and LPE is that layers with high
doping levels or different bandgaps can be deposited.
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The VPE process offers excellent control over
the orientation, thickness, crystalline perfection, and
doping levels of epitaxial layers. It is also possible to
grow in a single process a complete p-n junction [Rowland 1969]
Despite these advantages VPE has not been extensively used
in GaAs construction. Basically the VPE process consists
of heating GaAs in a halide or water vapor atmosphere in order
to form a vapor that can be transported to a cooler region for
redepositing. Two equations that are typical for these
processes are
4 GaAs , . + 2 Gal- . . -7-^ 6 Gal , . + As . , »(s) 3 (v) -« (v) 4 (v)
and 2 GaAs. . + H-0 , . ; •» Ga , . + As„
,
,
+ H~ , »(s) 2 (v) 2 (v) 2(v) 2 (v)
The LPE process developed by Nelson is charac-
terized by the use of a tipping furnace. Initially a sub-
strate wafer is positioned on one end of a graphite boat and
a melt at the other. The melt consists of the material to be
epitaxially grown, a dopant, and gallium which acts as a
solvent. At about 900 C the furnace is tipped to allow the
melt to flow over the substrate. The most important feature
of the LPE process reported by Nelson is that the p-n junction
is perfectly planar and oriented perpendicular to the (110)
cleavage planes. This feature is a result of the fact that
before epitaxial growth begins the substrate surface is
dissolved and a solution front is formed which coincides with
the (100) crystal plane. Another feature of the LPE process
is that defects on the substrate surface are removed during




In 1970 Hayashi and others reported a method
for growing multilayer structures by LPE [Hayashi and
others 1970] . In this method a sliding holder with wells
for four different solutions could be sequentially positioned
over a substrate wafer for epitaxial growth of layers on the
substrate.
b. Homostructures
The homostructure laser which employs a single
semiconductor material was developed by research teams at
IBM, General Electric and MIT's Lincoln Laboratory. The
announcement of successful operation of a laser diode by
both IBM and General Electric came simultaneously on 1
November 1962 [Ubell 1962] . The patent claims for these
diodes were filed by IBM on 15 October 1962 [Burns and
others 1966] and by General Electric on 24 October 1962
[Hall 1966] . MIT did not file claims until 7 February 1963
[Zieger 1966] .
The patents issued to each of these three teams
show at least two different structural concepts. The IBM
patent is for a device employing a Fabry-Perot type structure
with the light being reflected by surfaces parallel to the
plane of the p-n junction as shown in Figure 2. The General
Electric and MIT devices show a Fabry-Perot device with the
light being reflected between surfaces normal to the plane
of the p-n junction as also shown in Figure 2. The General
Electric design has proven to be the more efficient because
the light travelling between the reflecting surfaces remains
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Figure 2. Comparison of Laser Structure Used by IBM
and General Electric in their First Patents




rather than in the adjacent n and p regions where it is
subject to losses.
The high gain region of the junction plane is
actually a high index of refraction layer about 1M- thick in
which the radiative recombination takes place on the p side
of the junction. This active layer can act as a waveguide
and therefore reduce the amount of radiation lost to the
surrounding n and p regions. Increasing the thickness of
the active region decreases the emitted beam spread but in-
creases the number of transverse modes propagating. If the
active region is too thin it will not act as a waveguide and
radiation will be diffracted into the surrounding n and p
regions.
The concept of combining the diffusion process
with VPE to produce multilayered diodes was patented by
Diemer in March 1963 [Diemer 1969] . By using layers of dif-
ferent index of refraction Diemer was able to increase wave-
guiding effects and containment of the optical beam.
Three layer devices constructed for the purposes
of investigating the processes of spontaneous and stimulated
emission were reported by Pilkuhn and Rupprecht in 1966
[Pilkuhn and Rupprecht 1966] . These structures consisted
of an n-type, p-type, or intrinsic central layer with an n
layer on one side and p layer diffused into the other. All
of these three layer structures had a smaller vertical beam
spread then conventional Zn-diffused lasers however the
p
+
- n - n




The power output of a laser diode can be actually
increased by reducing the number of transverse modes that
propagate, or effectively increased by designing the laser
structure so that the radiation is only emitted from one
face. Most of the laser structures designed for increased
power have been tailored to reduce the amount of power drawn
away from the desired longitudinal modes by transverse modes
propagating parallel to the junction plane. The transverse
modes propagating normal to the junction plane are controlled
by the thickness of the active region.
Increasing the power output of the basic Fabry
-
Perot structure of Figure 3 requires that the diode width (W)
be increased. As the width is increase the gain in the
transverse direction increases thus making conditions more
favorable for the propagation of transverse modes. Although
the formation of transverse modes is supressed by rough side
faces which result from sawing or etching small (110) plane
facets are still present that allow the build up of trans-
verse modes when gain is sufficient. For a diode with a
length of about 10 mils the increase in power output is neg-
ligible at widths greater than the length [Goodwin 1968]
.
The basic Fabry-Perot structure can be improved in several
ways. A patent filed in February 1964 by Hall describes a
laser with a curved junction used to suppress unwanted trans-
verse modes [Hall 1967b] . In this device the junction extends
linearly between two parallel reflecting surfaces allowing
longitudinal standing waves to form as the primary mode of











Figure 3. Geometry of the Basic Fabry-Perot
Homos tructu re Laser.
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so that radiation propagating in transverse modes passes out
of the junction region and into the semiconductor crystal
where it is readily absorbed.
The basic Fabry-Perot structure can also be
improved by removing the side section of p-type material
above the p-n junction plane as shown in Figure 4. This
mesa structure effectively suppresses transverse modes in the
lossy no gain sections of the p-n junction. Laser gain is
absent in the wings because electrical contact is made only
to the mesa surface and to the opposing n-region surface,
thus current flow is substantially absent in the wings. The
advantages of increased power with reduced threshold are
supported by data presented by Nelson in his patent which was
filed on 27 March 1968 [Nelson 1968] and by Goodwin [Goodwin
1968] .
Most laser diodes use the cleaved faces of the
crystal as reflecting surfaces for the resonant cavity thus
allowing coherent radiation to be emitted from both faces.
For many applications the light from only one face can be used
thus half of the emitted radiation is wasted. For these ap-
lications the effective power can be increased by designing
the diode so that it emitts from only one face. This can be
done by silvering one face so that it is totally reflecting
or by using structures with reflecting surfaces that are per-
pendicular to each other. Structures designed to emit co-
herent radiation in unique spatial patterns were developed at
the General Electric Research Laboratories by Garfinkel,




Figure 4. Geometry of the Mesa (or Wing)
Homostructure Diode [Goodwin 1968]
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structures and their respective spatial output patterns are
shown in Figure 5. The three triangular lasers displayed two
spatially distinct resonant mode patterns and one that was a
combination of the two. The fourth laser oscillated in only
the unidirectional mode so that all of the output appears in
one beam. A side benefit of this structure is that the
orientation of the polished face is not critical. This type
structure was combined with an integral heat sink by Garfinkel
and Engeler in one embodiment of a patent which they filed
for a high power semiconductor laser on 18 April 1966
[Garfinkel and Engeler 1967]
.
Improved thermal properties and transverse mode
control for devices intended to operate at low power levels
can be obtained by using a narrow metallic stripe contact on
the p side of the laser diode (Figure 6) . If the resistance
of the p region is sufficient to limit transverse spreading
of the current when operating at threshold or higher the
active region of the junction will be confined to a narrow
region under the stripe contact. The narrow active region
allows heat to be conducted away more easily and eliminates
transverse modes as evidenced by the improved cw operation
and Gaussian radiation pattern observed by Dyment and D'Asaro,
[Dyment and D'Asaro 1967]
.
c. Heterostructures
The dependence of the realization of a laser
structure upon the development of junction fabrication techni-
ques is nowhere more obvious than in the case of the hetero-
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Figure 5. Spatial Radiation Patterns for Diodes
with Reflecting Surfaces in Perpendicular












Figure 6. Homojunction Laser with Stripe Geometry
[Dyment and D'Asaro 1967].
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in March 1963 as one embodiment of Diemer ' s patent to provide
optical confinement through refractive index gradients
.
Diemer claimed devices that used GaAs on one side of a
junction and Gap or a mixed crystal of Gap and GaAs on the
other side. A proposal for a heterostructure device that
would improve laser performance by increasing electrical
confinement of the charge carriers was published by Kroemer
in December 1963 [Kroemer 1963]
.
The patent for the first heterojunction device
using gallium aluminum arsenide was filed on 10 June 1968 by
Kressel, Hawrylo, and Hawrylo, who were working at RCA
[Kressel, Hawrylo, and Hawrylo, 1970] . The basic patent for
both single and double heterojunction devices is a continu-
ation of claims (the first of which was filed on 11 October
1968) by Hayashi at Bell Telephone Laboratories [Hayashi
1973] . Both RCA and Bell Telephone Laboratories had been
investigating the suitability of using Ga Al As for lasers
J. —X X
that emitted visible radiation. Gallium aluminum arsenide
has a bandgap of between 1.4 and 1.9 eV allowing emission
between 6500A and 8900A. The realization of the single-
heterojunction laser as a result of the junction formation
processes developed during this research was a milestone in
injection laser development.
The performance of the single heterojunction
device shown in Figure 7 was so superior to that of the homo-
structure devices that RCA replaced its entire line of pro-
duction lasers with single heterojunction devices [Campbell





























































































a p -p gallium aluminum arsenide heterojunction in close
vicinity to the GaAs p-n lasing junction. The p -p hetero-
junction affects laser operation in two ways. First the in-
creased bandgap of the gallium aluminum arsenide helps confine
injected electrons to a narrower active region than previously
possible in homostructure devices. Second, gallium aluminum
arsenide has an index of refraction that is less than that
of the gallium arsenide in the active region and thus helps
to confine the light to the vicinity of the active region
which is on the p side of the junction.
The real significance of the single heterojunction
laser was that the threshold current did not increase proport-
3ional to T as it did for all of the homostructure lasers.
3The T dependance of the homostructure devices was caused by
the active region increasing in thickness due to thermal
diffusion of carriers in both the conduction and valence bands
as the temperature increased.
The first double heterojunction (DH) device was
reported by Alferov in November 1969 [Tsukada 1973] . Hayashi
filed patent claims on 1 May 1970 for a double heterostructure
device similar to that pictured in Figure 8. This double
heterojunction device improves the carrier containment of the
SH device by introducing an n-n heterojunction which confines
injected holes. The requirements that d, be less than the
diffusion length of electrons and d„ be less than the dif-
fusion length of holes limits the maximum thickness (t) of
the active region. These conditions arise because for carrier
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heterojunction where they can be repelled by the internal
fields resulting from the increase in the energy gap. Either
d. or d» can equal zero thus forming an n-p heterojunction.
Another requirement is that t must be greater than about one
half of a wavelength (X = 0.25M- in GaAs) so that the optical
radiation will be retained in the active region by waveguide
effects. If t is less than one half of a wavelength there
will be excessive loss due to diffraction.
The large optical cavity (LOC) device pictured
in Figure 9 is a double heterojunction device, but in actual
operation it is really more like a single heterojunction
device that has an n-n heterojunction for added optical con-
finement. If the thickness d~ is not less than IP- the laser
will radiate in the close confinement mode of a SH device.
If d„ is less than lM* the recombination region no longer acts
as a lossy waveguide and light is propagated into the n-type
gallium arsenide layer that may be as thick as 301^. When
the laser beam is propagating in the LOC mode the optical
flux density is the emitting face is reduced thus raising the
threshold for catastrophic damage. The increased area of the
emitting face also reduces divergence due to diffraction
effects.
The double-double heterojunction (DDH) , device
developed by Hayashi is a further improvement of the DH laser
[Hayashi 1972] . For the DH laser both optical energy and
charge carriers are confined by the two heterojunctions to a
central active region. When a very wide or very narrow active






































































































heterojunctions to confine the charge carriers and a different
set to confine the optical energy [Thompson and Kirkby 1973]
.
Considering only the case of a narrow active region, the use
of specific heterojunctions to confine the charge carriers
to a second active region of width d~ in Figure 10 removes
the restriction imposed on the previous DH device that the
width of the central active region be greater one half of a
wavelength in order to function as a waveguide. Using the
DDH concept the width of the first active region (d, ) is
between X/2 and X so that it serves to provide optical con-
finement and the width of the second active region may
approach a value equal to the diameter of a classical electron
[Hayashi 1972] . Thus in the DDH device recombination takes
place in the second active region (width d~ ) which is included
within the first active region which serves as a waveguide.
The DH and DDH lasers are limited in output power
because the poor thermal properties of gallium aluminum ar-
senide restrict heat flow on both sides of the active region.
The problem also exists in SH devices but is not as severe
because only one side of the active region is affected. This
is one reason the design of most DH and DDH structures has
been directed towards low power single mode cw operation
suitable for use in optical communications.
Control of the lasing region by the use of a
stripe-geometry, similar to that in Figure 6 for homostructure
lasers, was introduced to heterostructure devices by Ripper
and others in November 1970 [Ripper and others 1971] . The




















































































and between 13 and 25 \J> wide. The actual width of the active
region was about 15 H wider than the stripe due to current
spreading effects. This spreading caused the current density
at the junction to be about 30-50% lower than at the contacts.
Ripper concluded that use of the stripe-geometry allowed cw
operation of DH laser above room temperature primarily because
of improved thermal properties of the laser.
The efficiency of homostructure and heterostructure
stripe geometry diodes employing metallic stripes with very
narrow active regions can be increased by the addition of
control stripes located adjacent to the active lasing stripe
[Miller 1972] . By operating the control stripes below thres-
hold more electrons in the regions adjacent to the active
lasing region will be excited to the conduction band. Since
absorption is directly proportional to the number of excited
electrons the absorption of tail portions of the Gaussian
beam propagating in the active lasing region is greatly
reduced.
Dyment, North and D'Asaro reported in 1972 using
a proton bombardment method to define the active region of
DH lasers into a narrow stripe [Dyment, North and D'Asaro
1973] . The proton bombarded stripe contact laser is formed
by masking a thin stripe on the top of a DH diode and then
bombarding it with 300 keV protons. A high resistance region
which results from defects in the crystal lattice caused by
the protons extends completely through the junction plane
except in the area under the stripe. This high resistance
region limits current spreading and thus restricts the size
of the active region.
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The problem of current spreading was overcome in
the mesa-stripe-geometry DH laser developed by Tsukada and
others [Tsukada and others 1972 and 1973] . When the width of
the mesa-stripe is reduced to less than 30 H the threshold
current density will start to rise due to diffraction and
scattering loss of the light at the sides of the mesa stripe
region and due to surface recombination loss of carriers
[Tsukada 1973] . Even with this increase the threshold current
density for mesa-stripe lasers remains low compared to pre-
vious stripe geometry lasers. The high-mesa-stripe (HMS)
diode shown in Figure 11 consists essentially of a DH crystal
that has been etched to its first epitaxial layer. The main
purpose of the HMS structure is to obtain low current operation.
The HMS structure will sometimes induce excitation of higher
order transverse modes due to the large difference of index
of refraction at the side walls. By only etching the DH
crystal to just above the active region a low-mesa-stripe
(LMS) structure is formed (Figure 12) and the problem of
transverse mode control is alleviated. Note the lateral
etching of the p-Ga.. Al As region directly above the active
region.
The stripe width can be further decreased by a
junction-stripe-geometry DH device reported by Susaki and
others [Susaki and others 1973] . In the JS-geometry laser
the active region is defined to a narrow stripe by p-n
junctions formed by zinc diffusion. The width of the active
region for devices reported was about 20 H however further











































































































































In the developing science of technological forecasting,
the use of trend extrapolation has received the major share
of attention. Trend extrapolation is based on the idea
that, unless there are major disturbances, whatever has
happened in the past will continue to happen in the future.
Implicit in this idea is the concept of continuity which is
necessary to allow the fitting of some curve or mathematical
function to a set of historical data. The forecast is then
obtained by projecting the fitted curve into the future.
The primary effort of the forecaster is to insure that the
data is valid and that an appropriate forecasting method is
being employed. Curve fitting techniques, no matter how
elaborate, are of little value if the data is not valid or
the curve does not really represent information implicit in
the data [Martino 1972]
.
The simplest approach for the extrapolation of future
points uses a straight line or a curve fitted to historical
points. Typically the growth curve representing the perfor-
mance of one particular technological approach will take a
form similar to one of the three S-curves of Figure 13. By
assuming that the process of technological innovation in-
volves a continuous progression of technological approaches,
the inherent limits set by the physical parameters of a given












Figure 13. Idealized S-Curves for
Technological Approaches,
Time *
Figure 14. Envelope Curve Showing the Trend




in Figure 14. The envelope curve, which shows a general
trend, is tangent to the successive S-curves. For the
injection laser the S-curves, depending on the performance
characteristics represented, can be determined by techno-
logical approaches represented by the various structures
or fabrication techniques. By using the envelope curve
technique it is possible to predict "breakthroughs". The
term breakthrough seems to carry with it the idea that there
is a sudden increase or advance in technological capability.
This is very seldom the case. Generally there is a steady
increase in capability up to the point where the technology
finally passes from one of its stages of technological de-
velopment into another. Martino suggests that the most
common indication that a "breakthrough" is on the way is the
appearance of an innovation that "doesn't quite work"
[Martino IEEE 1972] . The injection laser fits this descript-
ion quite closely.
The use of trend correlation implies the use of known
physical or economic relationships between the parameters
to be forecast. This relationship can be in the form of an
analogy as in the case of Pearl's Law which is expressed as
p = L1+a exp (-bt)
where P = Parameter of interest,
L = Upper limit,
t = Time
a = Constant (dimensionless)
,




The exponential dependence of this equation, which was
developed to describe population growth as an analogy to the
physical process of biological cell growth, produces a sym-
metrical curve similar to the S-curves of Figure 13.
A non-symmetrical S-curve can sometimes be represented
by analogy to Gompertz Law which describes growth phenomena
in some areas of economics. Its mathematical expression is
P = L exp {-^bexp[~kt] }
where P = Parameter of interest,
L = Upper limit,
t = Time,
b = Constant (dimensionless)
,
and k = Constant (per unit time)
.
The relationships for trend correlation can link progress
to some variable other than time. The technological progress
function developed by Fusfeld relates technological progress
to cumulative production of the device associated with that
technology [Fusfeld 1973] . The technological progress func-




where T. = value of parameter at the i unit,
i = cumulative production quantity,
a = a constant associated with unit number one,
and b = the rate of progress, a variable, which is
a function of the external environment.
The concept of the technological progress function, which
was derived both theoretically and empiricaly resulted from
the consideration of microeconomic progress functions
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(MEPF's), learning functions, and the forces stimulating the
process of technological innovation [Fusfeld 1973b] . The
analysis of MEPF's which take the form
r. = a(i)-b
where r. = maintenance, manufacturing, or production
cost per unit,
i - cumulative production quantity,
and b = rate at which efficiency is increasing,
resulted in Fusfeld' s conclusion that the independent vari-
able in the technological progress function should be the
cumulative production quantity (i) . This conclusion re-
garding the mathematical form of the technological progress
function was supported by implications taken from consider-
ation of psychological learning functions of the form
E = K(N) a
n v
where E = efficiency in performing the N task,
N = the cumulative task number,
and K,a = constants.
The third factor that Fusfeld took into consideration
involves the links between the rate of innovation and the
characteristics of market activity. He suggests that in-
creased market activity stimulates innovation through in-
creased sales, direct exposure to production processes which
result in learning, and the ad hoc decision rule used by many
companies that a certain percentage of sales is reinvested
as research and development. Fusfeld submits in evidence the
results of studies that support the idea that "recognition of
demand is the most frequent stimulating factor for successful
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innovations" and that an "average of 74 per cent of all
innovations included in each study were stimulated by
market or production needs (as opposed to originating as
technical possibilities for which uses were subsequently
discovered) " [Fusfeld 1973a] . Fusfeld based his theoretical
justification for the use of the cumulative quantity of pro-
duction as an independent variable on functions that had
been developed for relating the rate of patent output to
investment and expected profit [Fusfeld 1973b] . Thus the
rate of patent output is considered to be a measure of both
market activity and technological growth.
The primary benefit derived from relating technological
growth to the cumulative quantity of production is that, even
if production is not uniformly distributed over time, changes
in the rate of technological development will appear as dis-
crete changes in the slope (b) of the logarithm of the tech-
nological progress function. The rate of progress coefficient
(b) is a function of:
L, the effective size of the technical labor
force;
a, an intelligence factor, average educational
level;
3, a prelearning factor, average experience
level;
I, the level of investment;
j, the rate of change of the level of investment;




m, the anticipated rate of change of market
demand, slope of sales curve;
and c, the communication or diffusion rate.
The coefficient (b) also has the inherent constraints that
it be greater than or, equal to, zero and never equal to
infinity [Fusfeld 1973b]
.
Technological growth or improvement of capabilities has
generally proven to be exponential in nature [Bright 1973]
,
however this can not be assumed true for all cases [Martino
1973] . When the rate of growth as measured by the cumulative
quantity of production is exponential the technological pro-
gress function reduces to the same result as that given by
conventional trend extrapolation. For example if the tech-





then 2n(T.) = b^(i) + 0n(a) /
, dT. , di




If the rate of growth is exponential then
i = (constant) exp kt,
&n(i) = kt + ^(constant)
,
and d_i = kdt.
i







which when integrated gives the conventional trend fore-
casting relationship





Guidance for the selection of forecasting parameters
has been provided by Lenz [Lenz 1968] , Ayres [Ayres 1968]
,
and Martino [Martino 1973] . According to Lenz, the first
step in the selection of parameters is to identify charac-
teristics which have been, or can be, improved. The charac-
teristics selected should be as broad as possible so that a
minimum number is needed and should allow quantification so
that they can be mathematically represented. Lenz also
states that the primary criterion for selection of a para-
meter should be the usefulness of its trend for making the
forecast.
Ayres proposes five rules for the selection of vari-
ables for envelope forecasting. These rules are specifically
directed towards the broad characteristics which he identi-
fies as being represented by macrovariables. The significant
characteristic of a macrovariable is that it can be used to
show trends without being tied to a specific approach. For
example, when considering coherent light sources the power
efficiency would be a macrovariable but the threshold current
would be a microvariable because it is tied specifically to
the injection laser. Once the macrovariable has been selected
it is necessary to determine whether it is intensive (subject
to some limit) or extensive (no apparent limit) and whether
it is sensitive to environmental conditions. If the variable
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is intensive it should be scaled for purposes of the trend
extrapolation so that the constraint is effectively elimi-
nated.
Martino has proposed the following five considera-
tions for parameter selection which are not completely unlike
those of Lenz and Ayres. According to Martino the parameter
chosen must be
1. capable of measurement in quantitative terms,
2. actually representative of the functional
capability and be a composite of all parameters
which can be involved in a design trade-off,
3. capable of application to different technical
approaches,
4. historically documented so that adequate data
is available,
5. analysed using data points that have been
selected consistantly.
The beam and crystal parameters listed in Table VI
represent various injection laser characteristics which have
been and still are the subject of research. These parameters
are not the broadest ones possible but at least they can be
measured in quantative terms and can be applied to the dif-
ferent technological approaches that have evolved in the
development of injection laser technology. That these are
not broad characteristics is obvious since none of them
satisfy Martino ' s second criteria, because each one of these
parameters, to some extent, can be involved in a design trade-
off. For example, lowering power output generally results in
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a reduced threshold current. What is needed are parameters
that are less subject to design trade-offs. Those charac-
teristic parameters listed for the system come closer to
being representative measures of the functional capability.
Although the efficiencies contain implicit infor-
mation concerning beam and crystal parameters a broader
measure that is a function of four independent variables
determined by efficiency, radiance, lifetime, and cost is
required to satisfy Martino's second criteria. The relation-
ship between these independent variables is not linear,
however a function of the following form will be used as a
basis for discussion of the characteristic parameters.
(efficiency) (radiance) (lifetime)M
~ (cost)
The parameter of tunability will be neglected for the pur-
poses of this development.
2. Discussion of Parameters Selected
In an effort to satisfy Martino's second criteria, a
broad measure of functional capability has been created that
violates his fourth criteria that there be adequate histori-
cal data available. This lack of data reflects a hesitancy
on the part of research workers to provide lifetime and other
engineering data in their papers. As a consequence it is
hard to determine levels of development [Anonymous 1971]
.
The authors of patents are particularly vague concerning the
performance characteristics of the devices being described.
Generally when data is presented it is an exceptional result
or a maximum value that has resulted at the expense of
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reductions in other parameters. Very seldom are more than
one or two typical parameters listed for the same device.
The lack of consistent historical data results in the four
independent variables (efficiency, lifetime, radiance, and
cost) used to determine the measure of development (M) being
approximated by functions developed from data that is not
necessarily representative of typical devices.
a. Efficiencies
The most often cited laser parameter is threshold
current density (J.-. ). This parameter is of particular in-
terest because it strongly affects the overall efficiency of
laser devices. Efficiency is usually broadly identified as
quantum or power efficiency.
The specification of a quantum efficiency must
be further classified as to whether it is internal or ex-
ternal efficiency and as to whether or not it is incremental.
Internal quantum efficiency is defined
fi . number of photons produced within device
i number of injected carriers
and the external quantum efficiency is defined
~
_
number of photons emitted from the device
e " number of injected carriers
P A v P
=
^T = ^ (hv = V
where P = power emitted,
hv = photon energy,
I = current through device,
e = electronic charge,
V = junction voltage (V = eE )
and E = energy gap.
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These definitions are applicable for both spon-
taneous and stimulated emission. Above threshold, since the
output of the laser varies linearly with the current, an
incremental (or differential) quantum efficiency is defined
which is independent of the current at which the device is
operating. For the differential quantum efficiency, ATI . and
AT|
, the denominators of the above equations should read:
number of injected carrier above threshold. Thus use of the
differential quantum efficiency
where I = current at threshold
o
is restricted to operating points above threshold. The dif-
ferential form of the external quantum efficiency simplifies
the measurement process because only the ratio of photo-
detector output to laser input current need be measured thus
eliminating the need for determination of P . In actual
practice AT) is the measured quantity and AT] . is calculated
by taking into consideration photon losses within the device.









„ + 1 falL R
where R = reflectivity coefficient (if two different
reflectivities are involved R = R, R„
L = length of cavity
<y = internal loss coefficient.
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The term — &n — is related to the number of photons lost
Xj k
through the ends and the term a + — 8m — is recognized as the
gain per unit length.
The quantum efficiencies do not include any power
dissipated in the diode series resistance (R
fl
). The input
power P. is given by,
P. = IV + I R
,
1 g d





P IV + I 2R9g 2
The power efficiency is determined by measuring P , I and
R, . The importance of threshold current can be seen from
this equation where in order to maximize T| it is desirable
P
for I to be as low as possible.
The threshold current density J is defined by
J
th -f = ? <* + £ fc i>
where (3 = gain coefficient. Looking again at the
equation 1^,1 k fa k
ATI = AT].
L R L !:
'
e " ^"i
or + iftii" 3 JthR
it can easily be seen that AT] is also a function of thres-
e
hold current.
In addition to the variables already presented
the junction temperature and crystal doping also affect the
efficiencies. The effect of temperature has been eliminated
from the measure of development (M) by only considering data
for room temperature devices. No specific consideration has
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been given to doping materials or concentrations when col-
lecting historical data. The effects of materials and dopants
are included in the constants a and (3.
b. Radiance
Lasers in general are uniquely distinguished
from other light sources by their radiance [Heard 1968]
.
Radiance (N) is defined [Wolfe 1965] as the radiant power
per unit solid angle per unit projected area and is expressed
ft
2
P , -1-2,N = cos9S A6xl <w sr cm > •
Spectral radiance (N^) is defined [Wolfe 1965] as the radi-
ance per unit wavelength interval and is expressed
NX
=





The measurement of spectral radiance includes the measure-
ment of time dependent power, power density, beam divergence,
polarization, coherence, and spectral content [Heard 1968]
.
It would appear that this would be a good measure of the
beam characteristic parameters, however due to the paucity
of data it can only be approximated by peak or average power.
Sommers indicates that power output is associated
with the number of cavity modes present and that there is a
critical parameter on the order of 10 mW per normal mode
[Sommers 1973] . At the maximum power output, which is deter-
mined by the limit for facet damage, up to a thousand modes
can share the power. Sommers ' explanation is based on findings
that indicate the existence of an inherent nonlinearity in
semiconductors that spreads the coherent radiation among the
normal modes. This nonlinearity also accounts for the
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phenomenon of filamentary lasing which was previously thought
to be caused by inhomogenieties within the active region.
c. Lifetime
Injection laser lifetime is a subject for which
very little data is available before 1970. The lifetime of
the laser is determined by degradation processes that can be
classified as either catastrophic or gradual. Most of the
early papers on degradation deal primarily with the cata-
strophic results of high optical flux densities. Recently
the emphasis has been on the gradual degradation processes
involved in the relatively low power CW devices being de-
veloped for communications purposes.
Catastrophic degradation involves mechanical
damage to the laser facet. This damage is the result of
elastic strains created within the crystal, possibly due to
stimulated Brillouin emission with the resultant formation of
shock waves [Nelson and Kressel 1967] . The problem of cata-
strophic degradation has been reduced through the use of
antireflective SiO films and the large optical cavity (LOC)
laser structure which reduces the emitted flux density at
the facet [Kressel and others 1971]
.
The processes of gradual degradation result in
a decrease in efficiency along with an associated increase
in threshold current. Two basic proposals have been advanced
to explain the mechanisms of gradual degradation. Hakki and
Paoli have suggested that localized regions of high absorption
are formed within the active region [ Paoli and Hakki 1973]
whereas Newman and Ritchie conclude that the degradation is
83

due to an increasing amount of nonradiative recombination
[Newman and Ritchie 1973] . By examining degraded diodes with
a Scanning Electron Beam Microscope (SEM) , Nannichi and
Hayashi have virtually established the fact that fast recom-
bination and nonradiative regions exist [Nannichi and Hayashi
1974] . These regions which affect degradation are caused by
crystalline defects created by stresses due to the mismatch
of lattice constants at heterojunctions and local heating
due to increasing threshold current.
The requirement to reduce threshold current has
dominated the design of recent laser structures with improved
lifetimes. The result has been that power has been traded
for the increased lifetime.
d. Cost
The trend of laser cost will be approximated by
data for the cost per watt of peak pulsed power. The cost
of laser fabrication contains implicit information on the
state of manufacturing techniques and diode reproducibility.
Currently only single heterostructure lasers are available
commercially so the trends derived can only be considered
as precursors of overall trends that may develop when the
technical approaches now in the laboratory become commercially
available. One of the major problems with the injection laser
has been and still is reproducibility. A trend of decreasing
cost is an indication that technological development has pro-
gressed to the point where diodes with a reasonably consistant
level of performance can be mass produced.
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C. PRESENTATION OF DATA
1. Cumulative Production Data
The cumulative production quantity (i) required for
Fusfeld's technological progress function was determined by
using the cumulative number of semiconductor laser patents
filed (CSUM) and the cumulative number of technical reports
computer retrieved (CREP) by the Defense Documentation Center.
The use of CREP as a measure of inventive activity was sug-
gested by Gilfillan [Gilfillan 1962] and was included because
Sanders does not consider patents to be a good measure of
technological progress [Sanders 1962]
.
The cumulative number of patents filed is plotted
against the date in Figure 15 and the logarithm of the cumula-
tive number (LCSUM) is plotted against the date in Figure 16.
Although patent data was collected through January 1974 only
data points through December 1970 have been considered because
the average lag between the date of patent application and
issuance is almost three years. Linear regression using the
method of least squares was performed on the data of Figures
415 and 16. The best coefficient of determination for the
longest time base was obtained when fitting a straight line
to the plot of CSUM versus date. The plot of the logarithm
of the cumulative sum of patents filed (LCSUM) against the
4 2The coefficient of determination (r ) is a number
between and 1 which describes the "goodness of fit" of
the equation determined by the regression. When r^ is close
to 1, the equation closely describes the data; when r^ is
close to 0, the equation is not a good statement of the
relationship between the data.
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date is reasonably linear in places as can be seen from the
data in Table VII however the time base is much shorter.
Assuming that patent data is a measure of technological pro-
gress, the following cumulative production function is
appropriate
:
CSUM =i (t) = Kt + C
where K = constant (year )
t = date expressed as last two digits
of calendar year
and C = constant.
The resulting technological progress function takes the form
T. = a(Kt + C)b
and 8n t. = en a + b MKt + C) .
Figure 17, which is a logarithmic plot of the cumu-
lative number of reports (LCREP) against the date, shows a
definite exponential increase and using the method of least
squares a straight line is easily fitted to the data points
between 1 January 1966 and 1 January 1973. The time lag be-
tween publication and listing did not often exceed one year
therefore Figure 17 includes points through December 1972.
Assuming that LCREP is an indication of cumulative production
then the following exponential form for (i) is appropriate:
. .. . kt+c
i (t) = e
This results in a technological progress function of the form
.
kt+c,b bkt+bc




TABLE VII. Cumulative Production Data for








Start Thru K C 2r
Jan 61 Dec 62 1.481 - 8.955 .943
Jul 64 Jun 67 0.265 -11.489 .995
Jul 67 Dec 70 0.166 - 4.757 .999
Jul 64 Dec 70 0.207 - 7.615 .983
Jan 63 Jun 64 0.915 -55.442 .953
Jul 64 Jun 67 0.210 -10.055 .940
Jul 67 Dec 70 0.139 - 5.160 .991
Jul 64 Dec 70 0.184 - 8 324 .977
Jan 63 Dec 66 1.201 -76.158 .981

































































where fcT. = Bn a + b 0n(e T ) = On A + Bt,
A = ae ,
and B = bk.
This equation has the same form as the conventional trend
forecasting relationship which assumes exponential growth
as a function of time.
2. Rate of Progress Data
The data presented is summarized in Tables VIII and
IX. The values for the characteristic parameter (M) were
calculated using the values for T] , P^„.L, and $/watt shownpa vg
in Table X which lists representative current values, the
date they were reported, and the number of years for which
data was available. Graphs from which the values for the
characteristic parameters listed in Table VIII were deter-
mined are included in Appendix B. For each of the extrinsic
parameters the logarithms of parameter values are plotted
against the date, LCSUM, and LCREP. The logarithms of in-
trinsic parameter values are first plotted against the date
and then scaled against the date, LCSUM, and LCREP. The
scaling employed for these intrinsic parameters is similar
to that used by Martino [Martino 1973] . In the case of an
upper limit the parameter of interest P is converted to a
scaled parameter P* by use of the following formula:
P* = -A—
L-P
where A = arbitrary constant,
and L = limit approached.
In the case of a lower limit the formula P* = is used.
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TABLE VIII, Summary of Data Presented. (An asterisk




Function of Time Function of Cumulative
Production
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1976 5 x 104
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TABLE IX. Progress Constants































\ 20% Apr 71
Jth 800
A/cm2 71
pavg .015 watt Jan 74
L 6000 hours
$/Watt 2.86 Jan 74









The data for the three efficiency parameters
(external differential quantum efficiency (ATI), power
efficiency (T) ), and threshold current density (J , )) was
selected by consistantly choosing exceptional values. The
external differential quantum efficiency and the power effi-
ciency both approach the limits of 100 per cent and are there-
fore intrinsic. The threshold current density is also in-
trinsic as it appears from Figure 18 to approach a practical
_2




The data for power was primarily extracted from
trade magazines by selecting the single room temperature
diode that delivered greatest average power. All of the
data considered was for pulsed operation and the average
power was determined by multiplying peak power by the duty
cycle. There are some exceptional CW devices that have demon-
strated greater average power in the laboratory but they were
not considered. Figure 19 shows the power reported for some
recent injection lasers designed for CW operation. The power
trend of these diodes is more indicative of the emphasis on
longer life and fewer modes than of any capacity for increased
power output.
Meaningful data was difficult to obtain because
the following information is seldom provided along with values
for the output power.
-- Duty cycle (pulse width; pulse frequency)
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Often power output is reported in relative units
2
or in units of watts per cm with no additional information.
Peak power in excess of 70 watts has been reported for room
temperature diodes [Anonymous 1972]
.
c. Lifetime
Lifetime data was extracted from technical jour-
nals and was determined for pulsed diodes by multiplying the
lifetime by the duty cycle. The emphasis on increased life-
time that dominates current research makes recent data for
this parameter relatively more abundant. This parameter is
extrinsic and therefore scaling has not been employed.
c. Cost
The cost per watt values were determined by
dividing cost by the peak power of the room temperature
devices selected for the power data. Since cost per watt
is intrinsic in that it has an ultimate limit of zero the
trend extrapolations were scaled by simply plotting watts
per dollar. Figure 20 which indicates a dramatic decrease
in the cost per watt with time includes data based on array
output powers with no restriction on temperature.
D. CONCLUSIONS
One of the primary benefits of the technological progress
function is that changes in the rate of technological de-
velopment will appear as discrete changes in the slope of the
function. There were no changes indicated by the technological





















Figure 20. Cost per Peak Power Watt (dollars
watt - -*-) Determined Using Data for




Fusfeld's assumption that patent output is a measure of
market activity appears to be justified by the actual perfor-
mance of the market (Figure 21) . The most conservative values
for the forecasted parameters resulted from using the techno-
logical progress function and cumulative number of semicon-
ductor patents. Since the actual market growth is not
exponential the use of the cumulative number of reports as a
measure of market activity is not valid in this case.
The importance of a broad characteristic parameter that
satisfies Martino ' s selection criteria is questionable in the
case of the injection laser. The most important trends deal
with the specific parameters that limit feasible or econo-
mically competitive use of the laser.
The preliminary historical survey of injection laser
development was primarily an investigation of the various
types of laser structures and why they were developed. During
the course of this investigation it was determined that the
technology of laser structures was tied to the technology of
GaAs processing. For this reason it was concluded that a
forecast for injection laser development could be inferred
from a forecast for the technology of semiconductor processing.
The primary conclusion is that although different techni-
ques of trend extrapolation and variable selection will pro-
duce somewhat different results, the primary consideration
is the validity of the data upon which the extrapolation is
based. This implies that the major effort of a technological























Figure 21. Cumulative Semiconductor Laser Sales




The following areas are suggested for further investi-
gation :
1. Extend the framework of the forecast by considering
the overall outlook for semiconductor laser tech-
nology as indicated by phase II and III of Table 3.
The term semiconductor here should include all the
various materials and pumping schemes.
2. Search patent classifications cross referenced for
lasers in order to determine the expansion of semi-





The following data has been extracted from the Patent
Office Gazette for the period 1 January 1963 through 31
January 1974, volumes 786 through 918 inclusive. Within
class 331 which designates "oscillators" the subclass number
94 designating "maser amplifier" was used for the first time
in 1963, therefore this year was selected as the starting
point for accumulating data. Class/subclass 330/4.3,
331/94.5 (including all alphabetical suffixes) and 332/7.51
were thoroughly searched and all patents recorded. Some





Code Class Subclass Title (Class/Subclass)
A 331 94.5 oscillator, laser
B 330 4.3 amplifier, laser
C 331 94. 5C oscillator, laser
D 331 94. 5D oscillator, laser
E 204 chemistry, electrical
and wave energy
F 331 94 oscillator, maser
G 331 94. 5G oscillator, laser
H 331 94. 5H oscillator, laser
I 330 4 amplifier, maser
J 331 107 oscillator, solid state
K 331 94. 5K oscillator, laser
L 331 94. 5L oscillator, laser
M 331 94. 5M oscillator, laser
N 35 25 education, war
not used
P 331 94. 5P oscillator, laser
Q 331 94.5PE oscillator, laser
R not used
S 250 199 communication system,
laser




X 332 7.51 modulator, laser
Y 350 160 optics, light control
by altering medium





AR Laser Associated Reflectors
CD Corona Discharge Laser
CH Chemical Laser
DY Dye Laser
EB Electron Beam Laser
FL Flame Laser
GA Gas Laser




MB Molecular Beam Laser
MD Non-Laser Modulator
MV Metal Vapor Laser
NS Type not specified or insufficient
information in abstract to determine
type laser
00 Optically oriented particles
OR Organic Laser
SF Thin Film Laser
SS Solid State Laser





AAI Aircraft Armaments Inc.
ABO Aktiebolaget Bofors
ACC American Cyanamid Co.
ADK Advanced Kinetics
ADS Adaptive Systems
AEC U.S. Atomic Energy Commission
AEI Associated Electrical Industries Ltd.
AER Aerospace Corp.
AFC Secretary of the Air Force
AGA AGA Aktiebolag
ALS American Laser Systems
AIS Agency of Industrial Science and
Technology
ALC American Laser Corp.
AMY Secretary of the Army
ADC American Optical Co.
ANC ANCO Corp.
ASC American Standard Inc.




BLI Baush and Lomb Inc.
BOE Boeing Company
BRI Britt Electronics
BSC Basic Sciences Corp.
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BTL Bell Telephone Labs Inc.
CAL Cornell Aeronautical Lab Inc.
CAR Carver Corporation
CBS Columbia Broadcasting Inc.
CDC Control Data Corp.
CEA Commissariat a l'Energie
CGE Compagnie Generale D 'Electricite
CIL Compagnie Industrielle Des Lasers
CIR California Institute Research
Foundation
CLO Control Laser-Orlando, Inc.
COC Continental Oil Co.
CON Conductron Corp.
COR Corning Glass Works
CPD Canadian Patents and Development Ltd.
CRL Coherent Radiation Labs
CSF CSF Compagnie General de Telegraphie
CWD CW Radiation
CWR Case Western Reserve University
CZS Carl-Zeiss-Stifung DBA Carl Zeiss
DTC Duro-Test Corp.
EAK Eastman Kodak
EEV English Electric Valve Co. Ltd.
EGG Edgerton, Germeshausen and Grier, Inc,
EID E.I. Dupont De Nemours and Co.
EII Elton Industries
EKC Electrokinetics Corp.
ENL Electro Nuclear Lalo-Inc.
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EOS Electro Optical Systems Inc.
FLE Ferranti Ltd.
GDC General Dynamics Corp.
GEC General Electric Co.
GGA Gulf General Atomic Inc.
GIC General Instrument Corp.
GMC General Motors Corp.
GSY GTE Sylvania Inc.
GTE General Telephone and Electric Labs, Inc,
GTI General Telephone and Electronics Inc.
GTU Georgetown University
HAC Hughes Aircraft Co.
HAD Hadron Inc.
HAZ Hazeltine Research Inc.
HIT Hitachi Ltd.
HMC Her Majesty's Canadian Government
HNY Honeywell Inc.
HOL HOLO Beam
HPC Hewlett Packard Co.
IBM International Business Machine Corp.
Ill Inventors and Investors Inc.
ILS International Laser Systems
ISE International Standard Elect. Corp.
ISK Iskra-Zavod za Automatizijo
IUP Institute fur Angewandte Physik der
Universitat Bern
KDD Kokusai Denshin Denwa Kabushiki Kaisha
KIC Kollsman Inst. Corp.
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KKH Kabushiki Kaisha Hitachi Seisakusho
KOR Korad Corp.
KTC Kearney and Trecker Corp.
LAB Laser Associates
LAC Lockheed Aircraft Corp.
LDL Laser Diode Labs
LEC Leesona Corp.
LEI Laboratory for Electronics Inc.
LIB Laser Inc.
LIT Litton Systems, Inc.
LPP Litton Precision Products Inc.
LRC Lansing Research Corp.
LSC Laser Systems Corp.
LSI Laser Sciences Inc.
LSU Leland Stanford Junior University
MAT Matsushita Electric Ind.
MCP M.C.P. Electronics Ltd.
MDC McDonnell Douglas Corp.
MEL Melpar Inc.
MER Meret
MIT Massachusetts Institute of Technology
MMC Martin Marietta Co.
MMM Minnesota Mining and Manufacturing
MON Monsanto
MVX Magnavox Corp.
NAP North American Philips Co. Inc.
NDK Nihon Denshi Kabushiki Kaisha
NAR North American Rockwell Corp.
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NAS NASA-National Aeronautics and Space
Administration
NIP Nippon Electric Co.
NRC National Research Council
NRD National Research Development Corp.
NSC Nippon Selfoc Company
NTP Northrup Corp.
NVY Secretary of the Navy
Oil Owens Illinois
ORC Orlando Research Corp.
OTI Optics Technology, Inc.
PEK Pek Labs Inc.
PFC Philco Ford Corp.
PHB Photo Bell
PHL U.S. Phillips Corp.
PKE Perken Elmer Corp.
PRV Private Individual/s
PIG Patent Treuhand-Gesellschaft fur
Electrishe Gluhampen mbH
QGH Quarzlampen Gesellschaft m.b.H.
RAY Raytheon Company
RCA Radio Corporation of America
RCC RCA Limited
RCN Research Corp.
ROI Radio Optics Inc.







SAI Sanders Associates, Inc.
SAT Societe Anonyme de Telecommunications
SED SEED Electronics Corp.
SEI Semi Elements, Inc.
SHA Siemans and Halske Aktiengesellschaft
SHI Shiba Electric Co.
SIE Selenia Industrie
SIN Singer Co.
SPI Spectro Physics, Inc.
SPR Sperry Rand Corp.
SRL Systems Research Labs
STI Sensor Technology Inc.
SYL . Sylvania Electric Products
SYN Synergetics Research Inc.
TCS Thomson-CSF
TEX Texas Instruments Co.
TIM General Time Corp.
TLX Teldix Luftfahrt-Ausrustunes
TOC Technical Operations Inc.




TSE Tokyo Shibaura Electric Co.
UAC United Aircraft Corp.
UCC Union Carbide Corp.





WEC Westinghouse Electric Corp.
WES Western Electric Company





YRD Yissum Research Development Company
of Hebrew University
ZHH Zaiden Hojin Handotai Kenkyu Shinkokai
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